Over the years, nanostructures have been developed to enable to support enzyme usability to obtain highly selective and efficient biocatalysts for catalyzing processes under various conditions. This review summarizes recent developments in the nanostructures for enzyme supporters, typically those formed with various inorganic materials. To improve enzyme attachment, the surface of nanomaterials is properly modified to express specific functional groups. Various materials and nanostructures can be applied to improve both enzyme activity and stability. The merits of the incorporation of enzymes in inorganic nanomaterials and unprecedented opportunities for enhanced enzyme properties are discussed. 
INTRODUCTION
As the use of enzymes as biocatalysts is extended within various fields, including biotechnology, industry and environmental technology, enzyme stabilization has given rise to a great number of research works of both its academic and practical uses. Many approaches to improve the enzyme stability have been attempted, for example, enzyme immobilization, enzyme modification, protein engineering and medium engineering. Among them, enzyme immobilization is most widely used in the processing of variety of products and increasingly used in the fields of medicine, food and pharmaceutical industries (1-3). Immobilization of enzymes to solid support allows repetitive use, rapid cessation of the reaction, and easy recovery and separation of the enzymes as well as improvement of enzyme stability.
Inorganic materials are attractive as immobilizing supports due to stronger mechanical strength, higher resistance to organic solvents and thermal stability. With recent progress in nanoscience, many inorganic nanomaterials are available for enzyme immobilization. Nanostructures provide a large surface area and comfort compartment for the immobilization of enzyme. Most of the nanomaterials used today are silica having nonporous and porous formats. However, it is expanding to a broad variety of materials and structures. Manners of enzyme attachment should be considered to obtain higher activity and stability. Prior to enzyme attachment, the surface of particles was usually modified to express specific functional groups which promoted the attachment. After enzyme immobilization, there are changes in enzymatic functions, for example, activity, stability, selectivity, and utilization and those are depends on the combination of enzyme and carrier. Consequently, a variety of future applications are envisaged for such immobilized biocatalysts in the medical, industrial, pharmaceutical and environmental realms, including biosensor, bioremediation or food production. In this article, we overview the state-of-the-art technology in rapidly developing field that focus on inorganic nanomaterial-based biocatalyst systems.
Inorganic Nanoparticles for Enzyme Immobilization
In enzyme immobilization, it should be considered that the physical and chemical nature of carriers such as their nanostructure, hydrophilic or hydrophobic properties, the charges on the carriers, and the binding chemistry, strongly dictated the biocatalytic characteristics of the enzyme. These natures of carriers are usually determined by material itself but, sometimes, surface modification is performed to modify the nature of materials. Following the improvement of nanoscience and nanotechnology, the challenge in application of nanomaterials is to control not only the particle size but also the particle shapes and morphologies, which would allow unique nature for enzyme immobilization. In this section, we summarize what materials have been employed and what nanostructures adopted in developing biocatalyst systems.
Gold nanoparticles
Gold nanoparticles (AuNPs) have high affinity for biomolecules either with or without linkers. Surface of gold is easily modified with sulfur-containing compounds such as alkane thiols and ditiocarbamates. These types of compounds deprotonate upon self-assembled monolayers (SAMs), a process that neutralizes the negatively charged sulfur-containing compound assuming the formation of gold (4, 5). SAMs of alkane thiols on gold containing a functional terminal group have served to associate additional monolayers of enzymes by covalent conjugation, supramolecular association, physical adsorption and electrostatic interactions (6-11). Previous study found that immobilization of enzyme onto gold nanoparticle's surfaces, without any surface modification, provided colloidal stability, which result to significantly enhanced catalytic activity (11). In addition, gold nanoparticles facilitate electron transfer and can be easily modified using a wide range of biomolecules and chemical ligands.
It was reported that nanoporous gold electrodes with increased surface area improved enzyme immobilization and, ultimately, bioelectrocatalytic activity (12). This nanoporous electrode could be employed in biofuel cells with a potentially higher power output. In the other study, nanoporous gold with a pore size of 40-50 nm was prepared by dealloying Au/Ag alloy (50:50 wt%) for 17 h (13).
Nanosphere was the most widely used structure among gold nanoparticles. Horseradish peroxidase was modified with cysteamine-capped Au nanospheres and further immobilized on sodium alginate-coated Au electrode through polyelectrostatic interactions for developing mediatorless H2O2 quantifying biosensor (14). Moreover, the gold nanosphere-mesoporous silica composite represented excellent catalytic behavior to the oxidation of glucose, faster response time, lower detection limit, higher sensitivity and wider linear range with respect to solely use gold nanosphere. Zhang et al. reported that flower-like ZnO crystal was synthesized to be employed for anchoring hoseradish peroxidase (HRP)-labeled gold nanospheres (15). The introduction of flower-like ZnO crystals into chitosan matrix to be casted on the electrode could offer greatly increased loading surface area available for binding gold nanosphere and HRP in a larger scale.
Carbon nanotubes
Carbon nanotubes (CNTs) have been extensively used as the electrode modifying materials due to their high electrocatalysis (16), efficiency for immobilization of proteins (17) and excellent electron wiring to result direct electrochemistry of redox proteins (18). It also can serve as supporting materials for enzyme immobilization because carbon nanotubes can be broadly functionalized and have good dispersion in solution compared to other nanomaterials (19, 20) . Highly efficient enzyme loading was reported by using single-wall carbon nanotubes without requiring enzyme purification for immobilization (21). After immobilization, 92% maximum activity of the native enzyme was maintained on single wall nanotubes (SWNTs). The electrical properties of SWNTs are suitable for use in biological electronics and electrochemical biosensors. Lee et al. improved electrical properties of an anode of enzyme-based biofuel cell via immobilization of glucose oxidase on single walled nanotubes (22).
Furthermore, CNTs can maintain direct electron transfer between redox enzymes and electrodes because of its good conductivity. Multi-walled carbon nanotubes (MWNTs) were also used to modify working electrode after immobilizing glucose oxidase (23). It exhibited fast response, high sensitivity and stability to glucose detection. The other study reported that sulfonated polyaniline network was formed on multi-walled carbon nanotubes (MWNTs) and, subsequently, glucose oxidase was immobilized onto polyaniline matrix on MWNTs to fabricate the biosensor (24). Immobilized enzyme on MWNTs was packed onto a ceramic bed to fabricate ceramic cylinder fed-bath reactor (25).
Magnetite nanoparticles
Enzyme immobilization on to magnetic supports such as magnetite nanoparticles allow selective and easy enzyme recovery from the medium under the magnetic force without need for expensive liquid chromatography systems, centrifuges, filters or other equipment (26). Even though functional groups could be introduced on the surface of magnetic beads through suspension polymerization in the presence of ferric ions (27), it is difficult to modify the surface of magnetite nanoparticles. In addition, magnetite nanoparticles are highly hydrophobic in aqueous solution, resulting to cause aggregation. Hence, the surface of magnetite nanoparticles was coated with silica before employing to enzyme immobilization. Silica is often employed as a coating material over the surface of nanoparticles. Silica is chemically inert, promotes the dispersion of the nanoparticles and has a high surface silanol concentration which facilitates a wide variety of surface reactions and the binding of biomolecules. Typically, silica coated magnetite is readily modifiable its surface to present a large number of functional groups, for example amino, aldehyde and alkyl chain groups. Consequently, dendritic silica coated magnetic nanoparticles were used to immobilize lipase and showed a higher enantioselectivity than that by free lipase (28).
Porous silica structures
Notwithstanding minimum diffusion limitation, enzyme loading per unit mass of nonporous nanoparticles is usually low. On the other hand, porous nanoparticles can afford high enzyme loading with a larger surface area. Especially, mesoporous silica particles have attracted an early attention as a host of enzyme immobilization due to high surface area, controllable pore diameter, and uniform pore size distributions ( Fig. 1) (29-31) .
Up to now, various type of mesoporous silicas have been synthesized and utilized for enzyme immobilization such as MCM-41, SBA-15 and mesocellular foam (MCM) (29, 32, 33) . Typically, in mesoporous silica, many studies were reported to improve the stability of immobilized enzyme (34, 35). Functionalized porous silicas were synthesized to immobilized penicillin G acylase (36, 37) . In addition, the immobilization behavior of enzyme in mesoporous silicas depending on morphologies has been investigated (38). Effect of textural and structural parameters was affected on the immobilization of
